Exposure to tobacco smoke, which contains several harmful and potentially harmful constituents such as acrolein increases cardiovascular disease (CVD) risk. Although high acrolein levels induce pervasive cardiovascular injury, the effects of low-level exposure remain unknown and sensitive biomarkers of acrolein toxicity have not been identified. Identification of such biomarkers is essential to assess the toxicity of acrolein present at low levels in the ambient air or in new tobacco products such as e-cigarettes. Hence, we examined the systemic effects of chronic (12 weeks) acrolein exposure at concentrations similar to those found in tobacco smoke (0.5 or 1 ppm). Acrolein exposure in mice led to a 2-to 3-fold increase in its urinary metabolite 3-hydroxypropyl mercapturic acid (3-HPMA) with an attendant increase in pulmonary levels of the acrolein-metabolizing enzymes, glutathione S-transferase P and aldose reductase, as well as several Nrf2-regulated antioxidant proteins. Markers of pulmonary endoplasmic reticulum stress and inflammation were unchanged. Exposure to acrolein suppressed circulating levels of endothelial progenitor cells (EPCs) and specific leukocyte subsets (eg, GR-1
(700-800 mg/cigarette in mainstream smoke; 50-70 ppm per puff) (Dong and Moldoveanu, 2004; Ghilarducci and Tjeerdema, 1995) , cigars, water pipes (hookah) (Kassem et al., 2014) , smokeless tobacco products (snus, snuff) , and typically at lower levels in heated not burned cigarettes (deBethizy et al., 1990; Shihadeh et al., 2012; Stanfill et al., 2003; Stepanov et al., 2008) as well as in electronic cigarettes (McAuley et al., 2012 ). Yet, environmental levels of acrolein in the air are near limits of detection (Destaillats et al., 2002) but can be well above background (0.04-2.2 ppm) near petrochemical plants (Feron et al., 1991) . Nonetheless, the relationship between smoking or exposure to secondhand smoke and CVD risk is well described, and the Institute of Medicine ranks aldehydes as the most significant cardiovascular toxins in tobacco smoke (Medicine, 2010) . Indeed, a risk analysis suggests that aldehydes account for over 91% of the total non-cancer risk, which includes cardiovascular and pulmonary diseases of smoking (ie, acrolein, 88.5%; acetaldehyde, 2.4%; formaldehyde, 0.4%) (Haussmann, 2012) . Moreover, despite extremely low levels in the environmental air, it remains difficult to set a no observable adverse effect level (NOAEL) of chronically inhaled acrolein for pulmonary (Woodruff et al., 2007) and cardiovascular disease risk (DeJarnett et al., 2014) .
The cardiovascular effects of exogenous aldehydes in humans and animals have been studied for nearly a century. These effects include those of rapid onset and short-lived (eg, neurally mediated) or slower in onset (eg, transcriptional) . Additionally, chronic exposure may produce completely different effects (eg, compensatory acclimation) than those observed in acutely exposed animals (eg, extreme sensitivity/toxicity). For example, acute exposure to 1 ppm acrolein increases aortic 1,N(2)-propanodeoxyguanosine acrolein adducts while chronic exposure to acrolein (0.52 ppm, 6 h/day, 5 days/week, 8 weeks) does not increase aorta lesion formation in cockerels (Penn et al., 2001) . Moreover, 13-weeks of exposure to a-ethylacrolein induces cardiac weight gain in rats (Appelman et al., 1981) . Acute feeding of acrolein increases pro-atherosclerotic cholesterol and triglycerides , while chronic acrolein feeding enhances atherosclerosis and thrombosis markers in atherosclerosis-prone mice (apoE-null) . Short-term (3-4 days) inhalation exposure (6 h/day) of acrolein (1 ppm) decreases circulating endothelial progenitor cells (EPCs) (Wheat et al., 2011) and enhances thrombotic markers in mice (Sithu et al., 2010) . The levels of the major acrolein urinary metabolite, 3-HPMA, are associated with increases in both platelet-mononuclear cell aggregates and CVD risk in humans (DeJarnett et al., 2014) . Moreover, acrolein directly stimulates release of activated MMP-9 from murine aortic atherosclerotic plaques ex vivo-a process that may relate to plaque lesion degradation and rupture (O'Toole et al., 2009) . Collectively, these data indicate acrolein is a consistent acute and chronic cardiovascular toxin in a variety of animal models and in humans.
Although numerous deleterious cardiovascular effects of acrolein exposure at high concentrations have been documented, there are limited data on the systemic toxicity of acrolein at levels found in tobacco smoke, ambient air or in new tobacco products such as e-cigarettes. Moreover, sensitive and persistent biomarkers of acrolein-induced toxicity under chronic exposure conditions have not been identified. Hence, we measured multiple cardiovascular biomarkers in a healthy, murine model (C57BL/6 male on normal chow) after chronic exposure (12 weeks) to acrolein. Interestingly, both EPCs and specific leukocyte subsets (eg, CD19
þ B-cells) were suppressed by acrolein throughout 12 weeks of exposure without evidence of platelet activation and insulin resistance, and thus, the levels of these circulating cell types appear to be both robust and persistent biomarkers of cardiovascular injury. Moreover, these data suggest that chronic inhalation of acrolein, even at low levels, is likely to increase CVD risk.
MATERIALS AND METHODS

Materials
Ultra performance liquid chromatography (UPLC) grade acetonitrile, N-hexane, acetone, and pentafluorobenzyl bromide (PFBBr) were purchased from Fisher Scientific (Fairlawn, NJ). NAcetyl-S-(3-hydroxypropyl)cysteine, Dicyclohexylammonium Salt (3HPMA); N-Acetyl-d3-S-(3-hydroxypropyl)cysteine, and Dicyclohexylammonium Salt 3HPMA-D3 (3HPMA-d3) were purchased from Toronto Research Chemicals (Downsview, Ontario, CAN). Malonaldehyde-1,3-d2 Bis(diethyl acetal) was purchased from CDN Isotopes (Pointe-Claire, Quebec, CAN). Antibodies for flow cytometric analyses: FITC-anti-Sca-1 (Ly-6A/E), APC-antiFlk1 (CD309), APC-eFluor780-anti-CD41, PE-Cyanine7-anti-Sca-1, FITC-anti-Nk1.1, PE-anti-Ly6C, PerCPe710-anti-CD8, PECy7-anti-CD62, APC-anti-CD19, Alexa700-anti-Gr-1, APCe780-anti-CD3, eVolve605-CD11b, e650-anti-CD4, and OneComp eBeads, proprietary solution, and propidium iodide were purchased from eBioscience (San Diego, CA). Annexin V Buffer and Zenon Alexa Fluor488 labeling kit were obtained from Invitrogen (Waltham, MA). Sources for other reagents are: CD62E-PE (BD Bioscience; San Jose, CA), ACE ectodomain (R&D Systems, Minneapolis, MN), Fc Block (CD32/CD16) (Leinco Technologies; Fenton, MO), counting beads (Spherotech; Lake Forest, IL), PBS (Corning; Manassas, VA), BSA (Rockland Immunochemicals Inc.; Pottstown, PA). Sources for the ELISA kits are: insulin (Mercodia AB, Uppsala, SWE), endothelin-1 (Enzo Life Sciences Inc., Farmingdale, NY), vWF (My Biosource, San Diego, CA), PF4, MMP3, and MMP9 (R&D Systems), fibrinogen (Innovative Research, Novi, MI).
Primers for PCR Analyses
Primers for B2m, TNFa, IL-6, IL-8, GRP78, GRP94, and HERP were obtained from Qiagen, (Gaithersburgh, MD). Sources of antibodies for Western blotting: Anti-GSTP-1 (610719; 1:2500) was purchased from BD Bioscience (San Jose, CA); and anti-ALDH2 (LS-B7924; 1:1500) was bought from LifeSpan BioSciences (Seattle, WA). Other antibodies anti-AR (Sc-271007; 1:1500), anti-b-actin (Sc-47778; 1:1000), anti-Nrf2 (Sc-722; 1:1500), anti-COX-2 (Sc-376861;1:1500), anti-HO-1 (Sc-10789; 1:1500), anti-SOD-1 (Sc-11407; 1:2000), anti-SOD-2 (Sc-137254; 1:2000), anti-SOD-3 (Sc-101338; 1:2000), anti-Catalase (Sc271803; 1:2000), and anti-GAPDH (Sc-47724; 1:1000) were obtained from Santa Cruz Biotechnology (Dallas, TX).
Mice and Acrolein Exposure
Male C57BL/6J mice were obtained from the Jackson Laboratories (Bar Harbor, ME). Mice were treated according to American Physiological Society Guiding Principles in the Care and Use of Animals, and all protocols were approved by University of Louisville Institutional Animal Care and Use Committee. Mice were housed under pathogen-free conditions in the University of Louisville vivarium under controlled temperature and 12 h light: 12 h dark cycle. Mice were provided a standard chow diet (Rodent Diet 5010, 4.5% fat by weight, LabDiet; St. Louis, MO). Mice (8 weeks old) were exposed to either HEPA-and charcoal-filtered air or acrolein (0.5 or 1 ppm; 6 h/day, 5 days/ week) for 12 weeks using a custom exposure system and certified permeation tubes (Kin-Tek; LaMarque, TX) as described . Immediately after the end of the last exposure, mice were anesthetized with sodium pentobarbital (%150 mg/kg) followed by ventral thoracotomy and exsanguination via cardiac puncture for blood collection in EDTA-coated syringes. Organs were removed, weighed, snap frozen in N 2 , and stored at À80 C.
Urine Collection and Acrolein Metabolism Urine collection. On day 1, mice were weighed and briefly exposed to D-glucose/saccharin solution (w/v; 3.0%/0.125%; Sigma) immediately prior to HEPA-and charcoal-filtered air exposure (6 h), and then placed singly per metabolic cage (Harvard Apparatus) with glucose/saccharin solution in drinking water without food to collect urine (in graduated cylinders in 4 C water-jacketed organ baths) for continuous 3 h collection postexposure (Conklin et al., 2009a; Wood et al., 2001) . After urine collection, mice were placed in home cages overnight with food and water per normal housing arrangements. On day 2, the same mice were exposed to acrolein (0.5 or 1 ppm, 6 h) or KY Reference cigarette mainstream smoke (3R4F cigarettes: 12 cigarettes over 6 h) and then placed singly per metabolic cage with glucose/saccharin solution to collect urine (without food) in 1 h increments up to 3 h post-exposure followed by an overnight (O/ N; with food) urine collection. Urine samples were centrifuged (600 Â g, 5 min; to pellet any feces and food particles) in cold immediately after collection, decanted, and stored at À80 C.
Acrolein metabolite analysis. The major metabolite of acrolein, 3-hydroxypropylmercapturic acid (3-HPMA), was quantified in urine by mass spectrometry (negative ion mode). The following mass spectrometer settings were used: capillary voltage 0.8 kV, extractor lens 3 V, entrance 2. The interchannel delay was 5 ms and interscan delay was 6 ms. Urine (25 ml) was mixed with 15 mM ammonium acetate (975 ml) containing 3HPMA-d3 (400 ng) and filtered through a 0.2 mm PTFE membrane. Two microliters of the samples were applied on UPLC and the eluate was analyzed for the MRM traces. To account for urinary dilution, all values for urinary metabolites were normalized to urinary creatinine (mg/dl).
Pre-diabetes evaluation
A glucose tolerance test (GTT) was performed after a 6h exposure (ie, fast) in the 10th week by injecting D-glucose (1 g/kg; i.p., saline) (Sansbury et al., 2012) .
Complete blood counts CBC were measured (25 ll blood) with a hematology analyzer calibrated with multispecies hematological reference controls (Hemavet 950FS, Drew Scientific, Inc.).
Flow cytometry
Leukocyte subpopulations. To analyze circulating immune cell populations, 0.1 ml lysed whole blood was centrifuged and washed twice with PBS containing 1% BSA (PBS/BSA). The cell pellets were re-suspended in the same buffer and incubated with CD32/CD16 (0.25 lg) for 10 min at 4 C to prevent nonspecific binding. The cells were then incubated with an antibody cocktail consisting of FITC-anti-Nk1.1 (0.5 lg), PE-anti-Ly6C (0.125 lg), PerCPe710-anti-CD8 (0.125 lg), PECy7-anti-CD62 (0.25 lg), APC-anti-CD19 (0.125 lg), Alexa 700-antiGr-1 (0.125 lg), APCe780-anti-CD3 (1 lg), eVolve605-CD11b (1 lg), and e650-anti-CD4 (1 lg). After 30 min on ice, the cells were washed, resuspended, and analyzed on an LSR II flow cytometer (high speed, 90 s). Cell numbers were analyzed using the FlowJo software and normalized to sample volume. Monocytes double positive for Ly6C and CD62L were defined as Ly6 high subpopulation.
Endothelial progenitor cells (EPCs)
Blood EPCs (Flk-1 þ /Sca-1 þ cells) were identified by flow cytometry as described (Wheat et al., 2011) . Blood (0.3 ml) was mixed with 3 ml proprietary solution to lyse RBCs. Cells were pelleted by centrifugation and washed twice with PBS containing 1% BSA (PBS/BSA). Pelleted cells were re-suspended in PBS/FCS incubated with Fc block for 10 min and then stained with a FITC-labeled Sca-1 antibody and an APC-labeled Flk-1 antibody for 30 min on ice. Cells were rinsed with 1% BSA/PBS and the pellets were re-suspended in 250 ll of 1% BSA/PBS containing propidium iodide (PI, 5 ll). Sample analysis was performed using an LSRII. EPCs were defined as the number of events double positive for Flk-1 and Sca-1 and counts were normalized to the volume used. Data were analyzed using FlowJo software. For the measurement of EPCs in bone marrow, the bone marrow was aspirated from tibia of right leg, and mononuclear cells were separated by Ficoll gradient centrifugation and analyzed as described .
Microparticles (MP)
Plasma (110 ml) was centrifuged for 2 min (11 000 Â g; 4 C) to pellet residual cells and debris. Supernatant (100 ml) was aspirated and centrifuged for 45 min (17 000 Â g; 4 C). The resulting MP pellet was re-suspended in 70 ml 1.45Â Annexin V Buffer pre-filtered through syringe filter (0.22 mm). Sample (35 ml) was mixed with Annexin-V Pacific Blue (2.5 ll), ACE ectodomain antibody (0.5 lg)-labeled with Zenon Alexa Fluor488 labeling kit, CD41 APCeFluor780 (0.625 ll), CD309 APC (1.25 ll), CD62E-PE (2.5 lg), and Ly-6A/E (1.25 lg; Sca-1) PE-Cyanine7 for 30 min. The reaction was stopped with 235 ml Annexin V buffer (pre-filtered). Counting beads (10 mm, 15 ml) were added to the samples were analyzed on LSR II flow cytometer for 5 min. An identical sample without antibodies was used as a gating control. MP numbers were quantified in gated populations < 1 mm in size and positive for Annexin V staining using the FlowJo software. MP subpopulations were analyzed as the percentage of CD41 -events in the MP gate (Pope et al., 2016) .
Platelet-leukocyte aggregates
Platelet-leukocyte aggregates were identified by flow cytometry and quantified as events double positive for CD41 (platelets) and CD45 (leukocytes) as described (DeJarnett et al., 2014; Sithu et al., 2010) .
Plasma biomarkers
Plasma lipoproteins, total protein, albumin, creatinine, aspartate transaminase (AST), alanine transaminase (ALT), and lactate dehydrogenase were measured on a Cobas Mira Plus Clinical chemistry autoanalyzer (Roche) as described previously (Conklin et al., 2009a; Srivastava et al., 2011) . Levels of cytokines and chemokines in the plasma were measured by multiplex arrays (Eve Technologies; Calgary, Alberta, CAN) or by using commercially available ELISA kits according to manufacturer's recommendations.
Pulmonary Oxidative Stress, Endoplasmic Reticulum Stress and Cytokines MDA in lungs. Pulmonary malonaldialdehyde (MDA) levels were measured by gas chromatography-mass spectrometry (GC-MS).
Lungs were pulverized and homogenized in phosphate buffered saline (1Â, pH 7.4; 5% wt/vol). MDA-d2 (20 pmoles) obtained from hydrolysis of malonaldehyde-1,3-d2 bis(diethyl acetal) was used as an internal standard. Samples and standard were derivatized with 2,3,4,5-pentafluorobenzyle bromide (PFBBr; 130 ml) for 1 h at 80 C, extracted with hexane and analyzed by GC-MS in chemical ionization (CI) mode. A six-point calibration curve was used to quantify levels of MDA in lung homogenates. Real time quantitative PCR analyses and Western blotting were performed on lung tissues as described (Vladykovskaya et al., 2012; Wheat et al., 2011) . Expression of cytokine mRNA in the lungs of air and acrolein (1 ppm) exposed mice were measured by Qiagen RT 2 profiler inflammatory cytokines and receptors PCR array. Fold regulation cut off and statistical significance were set at 2.0 and 0.05, respectively, as per Qiagen's standard protocol.
Statistics
Data are presented as mean 6 standard error of mean (SEM). Statistical significance was accepted at p < .05. Statistical analyses were performed on log transformed data using SAS 9.4 software. Student's t-test was used for the data comparison between two groups, and one-way analysis of variance with Tukey's correction was used when comparing more than two experimental groups.
RESULTS
Urinary Acrolein Metabolite in Cigarette Smoke-and AcroleinExposed Mice
The levels of the primary urinary metabolite of acrolein, 3-HPMA, are positively associated with urine cotinine and with increased CVD risk in smokers (DeJarnett et al., 2014), hence we investigated the utility of 3-HPMA as a biomarker of tobacco exposure in mice. For this, we measured the level of 3-HPMA in the urine of mice exposed to mainstream cigarette smoke (MCS) from KY Reference cigarettes (3R4F) after a single exposure session (12 cigarettes in 6 h). As shown in Figure 1 , urine 3HPMA was elevated rapidly from MCS-exposed mice compared with basal levels (after HEPA-and charcoal-filtered air exposure done the day before, %80 mg/mg creatinine). Moreover, the peak urinary 3-HPMA excreted after 0.5 ppm or 1 ppm acrolein exposure (6 h) bracketed the peak urinary 3-HPMA level after MCS exposure ( Figure 1 ). All 3 excretion profiles were similar in appearance suggesting that nicotine and other constituents present in MCS do not noticeably influence acrolein metabolism or clearance. Thus, in order to better understand the independent contribution of acrolein as a harmful and potentially harmful constituent (HPHC) in tobacco smoke, we exposed mice to both 0.5 and 1 ppm acrolein alone and measured biomarkers of chronic toxicity in mice.
Acrolein, Pulmonary Oxidative Stress, and ER Stress Markers Formation of 3-HPMA and protection of the body from inhaled acrolein-induced toxicity are dependent on both of the enzymes, glutathione S-transferase P (GSTP; GSH conjugation), and aldose reductase (AR; reduction). For example, genetic deficiency of the Phase II acrolein-metabolizing enzyme, GSTP, promotes endothelium dysfunction (vascular injury) after 3-days (5 h/day) of environmental tobacco smoke (ETS) or acrolein (1 ppm) exposure (Conklin et al., 2009b) . We also have shown that genetic deletion of AR increases the accumulation of aldehyde-protein adducts and exacerbates atherosclerosis in apoE-null mice ). Because of the importance of the lungs as the port of entry of acrolein and the first line of enzymatic defense, we measured metabolic protection after 12 weeks of exposure. Acrolein rapidly adducts protein nucleophiles, so we measured the levels of protein-acrolein adducts in the lungs using Western blotting but observed no increase in the acrolein-exposed (1 ppm) mice (Figure 2A ). In contrast, short-term exposure (5 h/day * 3 days, 1 ppm) to acrolein increases lung protein-acrolein adducts (Conklin et al., 2009b) indicating a compensatory response occurred after chronic acrolein exposure. As evidence of a compensatory response, both GSTP and AR proteins were up-regulated significantly and selectively in lungs (note: ALDH2 level was unchanged) by chronic acrolein exposure ( Figure 2B ). Because acrolein is known to deplete reduced GSH levels and trigger Nrf2 activation (Tirumalai et al., 2002) by an "oxidative stress" mechanism, we measured a stable marker of oxidative stress. Consistent with elevated lung oxidative stress, the levels of MDA were modestly (þ10%), but significantly increased in the lungs of acrolein-exposed (1 ppm) mice relative to controls ( Figure 3A) . To assess the lung response, we also measured Nrf2 and antioxidant proteins (SOD1-3 and catalase) induced by oxidant exposure, including the highly inducible HO-1 (Zhang and Forman, 2008) and COX-2 (Mogel et al., 2011) . Except SOD1 (unchanged abundance), all these proteins were induced significantly by chronic acrolein (1 ppm) exposure indicating an 'oxidative stress' response ( Figure 3B ). Because there appeared to be a compensatory response in the antioxidant proteins in the lungs, we screened, by gene array, whole lung derived gene transcripts for potential response patterns. Although gene analysis revealed distinct patterns of "hot spots" and "cold spots" between air-and acrolein-exposed mice (Supplementary Table 1 ), a volcano plot of principle component analysis showed that only the b-2 microglobulin (B2M) gene was down-regulated significantly ( Figure 4A ), and this change was confirmed by qRT-PCR ( Figure 4B ). Because our previous research had shown that acrolein induces endoplasmic reticulum (ER) stress in endothelial cells and cardiomyocytes (Keith et al., 2009) , we tested whether markers of ER stress were induced in the Figure 1 . Mass spectrometry analyses of primary acrolein metabolite in urine of acrolein-and mainstream cigarette smoke-exposed (MCS) mice. Mice were exposed to either acrolein (0.5 ppm or 1 ppm/6 h) or MCS (12 cigarettes/6 h) after which urine was collected at 0-1, 1-2, 2-3, and 3-17 h. Note: Baseline urine (t ¼ 0) was collected after an air exposure (6 h) performed the day before acrolein or MCS exposure. Acrolein metabolite, 3-hydroxypropylmercapturic acid (3-HPMA), was measured by UPLC-MS/MS and normalized to urinary creatinine. Values are mean 6 SEM. N ¼ 5-6/group. lungs of acrolein-exposed mice. For this, we screened lung mRNAs for ER stress-induced chaperone proteins: GRP78, GRP94, and HERP. Surprisingly, none of the three chaperone mRNAs was upregulated following either 0.5 ppm or 1ppm acrolein exposure, and in fact, all the three chaperones were significantly downregulated (Supplementary Figure 1) . These data suggest that chronic acrolein exposure does not induce sustained ER stress in the lungs.
Acrolein and Insulin Resistance
Cigarette smoking and intense use of moist snuff (150 g/week) increase the risk for type-2 diabetes (Persson et al., 2000) . Some, but not all, studies have shown that smoking is associated with an increase in systemic insulin resistance (Eliasson et al., 1994; Facchini et al., 1992; Keith et al., 2016; Persson et al., 2000) . We observed that fasting blood glucose, insulin and HOMA-IR levels in mice exposed to acrolein (1 ppm) for 12 weeks were comparable with controls. A glucose tolerance test (GTT) after 10 weeks of exposure revealed no difference in glucose handling between acrolein-and air-exposed mice ( Supplementary Figure 2A and B) .
Systemic Toxicity of Inhaled Acrolein
Chronic exposure to acrolein (0.5 or 1 ppm) did not affect overall body and organ weights (Supplementary Table 2 ) or plasma levels of liver (ALT, AST), muscle (CK), and lactate dehydrogenase (LDH) enzymes, total protein, albumin, and creatinine (Table 1) suggesting that inhaled acrolein (at 1 ppm) did not induce gross organ toxicity. Despite the lack of obvious effects on body growth and organ toxicity, the CBC in mice exposed to 1 ppm acrolein revealed a significant decrease in circulating leukocytes (À50%; p < .05) primarily a result of decreased lymphocytes (À48%; p < .05), neutrophils (À45%; p < .05), and monocytes (À40%; p < .05; Table 2 ) with little effect on RBCs suggesting effects on leukocytes were relatively selective.
Acrolein-Induced Leukocyte and Cytokine Suppression
To better understand the selective hematological effects of acrolein, we quantified changes in leukocyte subpopulations by flow cytometry. Cells were gated as illustrated in Figure 5A . Flow cytometry revealed a dose-dependent suppression of overall leukocytes that confirmed CBC results (Table 2) Figure 5G ). Because smoking induces systemic inflammation, and proinflammatory cytokines are strong predictors of future cardiovascular events (Tracy et al., 1997) , we measured the levels of multiple cytokines and chemokines in the plasma of air-and acrolein-exposed mice. Surprisingly, none of the plasma cytokines measured were increased by acrolein (Table 3) . In fact, IL-6 and KC (murine homolog of human IL-8) levels were significantly (p < .05) decreased at 1 ppm acrolein (Table 3) .
Acrolein and Endothelial Progenitor Cells
Decreased endothelial progenitor cell (EPC) levels are associated with an increased CVD risk (Fadini et al., 2012) , and may predict future cardiovascular events (Werner et al., 2005) . Secondhand smoke and smoking cessation are associated with altered EPC number and function (Heiss et al., 2008; Kondo et al., 2004) , and our previous research show that just 4 consecutive days of exposure to 1 ppm acrolein suppresses circulating EPCs (Flk-1 þ / Sca-1 þ ) by 50% in mice (Wheat et al., 2011) . Consistent with acrolein-induced acute effects, chronic acrolein suppressed circulating EPCs by 40-50% ( Figure 6A ). Acute exposure to 1 ppm acrolein (4-days) increases the outgrowth of bone marrowderived EPCs that likely reflects an increased number of bone marrow-resident EPCs (Wheat et al., 2011) . In contrast, our current chronic (12 weeks) acrolein exposure (1 ppm) did not change the number of bone marrow resident EPCs relative to air controls (data not shown), which likely reflects an acclimation to chronic exposure.
Acrolein and Microparticles
Another marker of endothelial activation is the level of circulating endothelial cell-derived microparticles (Boulanger et al., 2001) .
Increased levels of endothelial cell microparticles (MPs) have been observed in cardiovascular diseases characterized by impaired endothelium function such as in coronary artery disease and stroke (Simak et al., 2006; Werner et al., 2006) . Chronic acrolein exposure, however, did not increase levels of circulating endothelial-derived Blood glucose (mg/dl) 259 6 9 248 6 6 Cholesterol (mg/dl) 117 6 3 121 6 5 Triglycerides (mg/dl) 34 6 2 3 1 6 1 Total Protein (g/dl) 4.0 6 0.1 4.0 6 0.1 Albumin (g/dl) 2.4 6 0.04 2.4 6 0.04 Alanine aminotransferase (U/l) 22 6 1 2 5 6 4 Aspartate aminotransferase (U/l) 45 6 3 5 1 6 4 Creatine kinase (U/l) 110 6 13 110 6 23 Creatinine (mg/dl) 0.27 6 0.01 0.24 6 0.01 Lactate dehydrogenase (U/l) 162 6 10 172 6 11
Values are mean 6 SEM. No statistically significant differences between groups. Figure 6B ). Collectively, these data suggest that chronic exposure to acrolein (1 ppm) does not stimulate endothelial MP formation.
Acrolein and Platelet Activation
Although acute acrolein or cigarette smoke exposure increases platelet activation in mice (Sithu et al., 2008 (Sithu et al., , 2010 , chronic exposure to acrolein for 12 weeks neither affected total platelet counts (Table 2 ) nor the number of platelet-leukocyte aggregates (Table 3) /ml) 7.8 6 0.4 7.9 6 0.6 7.4 6 0.5 Hemoglobin (g/dl) 11.1 6 0.4 11.2 6 0.2 10.9 6 0.8 Hematocrit (%) 39 6 2 3 7 6 3 4 2 6 3 Mean corpuscular volume (fl) 51 6 1 4 6 6 1 5 7 6 0.2 Mean corpuscular hemoglobin (pg) 13.8 6 0. as measured by CBC and flow cytometry, respectively. In fact, the platelet factor 4 (PF4) level in plasma was significantly depressed in chronic exposure to acrolein (1 ppm) (Table 3) . Collectively, our data suggest that chronic exposure to acrolein does not induce persistent platelet activation in mice.
DISCUSSION
Acrolein is a ubiquitous pollutant present in air, water, food, and beverages. Its levels are dramatically increased by incomplete combustion of organic materials and acrolein is highest in smoke of smoldering cigarettes and structural fires (50-60 ppm) (Ghilarducci and Tjeerdema, 1995) . Although acutely inhaled high-level acrolein (100-275 ppm) is toxic to cardiopulmonary targets , acute exposure to lower levels ( 1 ppm) of acrolein selectively targets the cardiovascular system including induction of thrombosis (Sithu et al., 2010) , arrhythmias (Hazari et al., 2011) , cardiac dysfunction (Thompson et al., 2016) , and diminished vascular repair (Wheat et al., 2011) . Although one theoretical study estimates a measureable risk for pulmonary injury at ambient acrolein level (Woodruff et al., 2007) , the chronic systemic effects of low level acrolein exposure have not been studied. Moreover, emerging tobacco products such as e-cigarettes that do not burn tobacco still generate acrolein during heating of the humectants including glycerol (Kosmider et al., 2014) . In this study we found that, as expected, exposures to 0.5 and 1 ppm acrolein increased the urinary levels of 3-HPMA in a dose-related manner. The level of 3-HPMA in urine of tobacco smoke-exposed mice was between that of urinary 3-HPMA of mice exposed to 0.5 and 1 ppm acrolein, respectively, suggesting that the level of acrolein in MCS, ie, 12 -3R4F KY Reference cigarettes by ISO protocol over 6 h, is consistent with our chronic acrolein exposures. Two important inferences follow this observation: (1) time-dependent urine collection provides an estimate of acrolein clearance (ie, likely less than 90 min in mice). If this is comparable with clearance rate in humans, then random or convenience urine sampling from human subjects (eg, urine collected more than 3 h after exposure) likely will underestimate the contribution of 3-HPMA as a biomarker of acrolein exposure; and (2) our urine collection protocol reveals that the excretion pattern of 3-HPMA is similar following either acrolein alone or cigarette smoke exposure indicating that nicotine (or other constituents) likely has little effect on either the metabolism of acrolein or the clearance of 3-HPMA, respectively. This is important because it suggests that urinary 3-HPMA excretion is a useful and consistent biomarker of acute acrolein exposure (regardless of its source) (Nelson and Boor, 1982) , and it certainly makes 3-HPMA a potentially viable biomarker of exposure to other acrolein-containing aerosols, eg, car exhaust, e-cigarettes or hookah (Kassem et al., 2014) .
Our data also provide new evidence that chronic exposure of young, healthy mice to 0.5 ppm acrolein (low level) results in persistent effects in the cardiovascular compartment, eg, suppression of circulating EPCs and CD19
þ B-cells and CD11b þ monocytes. Moreover, we show the lungs undergo persistent Nrf2 activation and induction of acrolein-metabolizing enzymes and antioxidant proteins in an apparent compensatory response to ongoing oxidative stress (albeit in the absence of either inflammatory or ER stress markers). From these data, we infer that low-level acrolein is sufficient to upregulate pulmonary defenses in metabolic protection (ie, GSTP and AR) that itself is a strong biomarker of acrolein exposure. Surprisingly, this antioxidant armamentarium appears insufficient, however, to quell acrolein-induced changes in circulating blood cells including chronic suppression of EPCs-a strong marker of CVD risk (Hill et al., 2003) . Because circulating EPCs are suppressed by chronic exposure to acrolein (0.5 ppm) alone, we provide herein a biologically plausible mechanism to support the association between urinary 3-HPMA and increased CVD risk observed in human smokers and non-smokers alike (DeJarnett et al., 2014) . Whether acrolein in cigarette smoke accounts for effects on circulating EPCs of acute (increased but dysfunctional) (Heiss et al., 2008) or chronic exposure (depressed but increased after cessation) (Kondo et al., 2004) remains to be seen. Persistent biomarkers of harm prove useful both as a tool for evaluation of risk but also for insight into the mechanism of action. With regard to the latter, chronic acrolein persistently suppresses EPCs despite an upregulation of key metabolic enzymes, ie, GSTP and AR, for its detoxification. There are numerous examples of how these 2 specific enzymes provide acute and chronic protection to cardiovascular organs during acrolein exposure as occurs in ischemia-reperfusion of the TNFa (pg/ml) 5.7 6 0.8 3.2 6 0.8 3.6 6 0.9 IL-6 (pg/ml) 10 6 2 7 6 1 5 6 1* IL-10 (pg/ml) 6 6 1 1 0 6 3 6 6 1 IL-17 (pg/ml) 2.4 6 0.5 4.2 6 1.0 2.3 6 0.5 IFNc (pg/ml) 3.3 6 0.5 4.3 6 1.0 4.9 6 1.0 Eotaxin (pg/ml) 666 6 43 641 6 47 760 6 47 MCP-1 (pg/ml) 93 6 10 91 6 9 102 6 12 RANTES (pg/ml) 19 6 4 1 9 6 4 1 9 6 5 PAI-1 (ng/ml) 1.82 6 0.22 2.30 6 0.13 1.66 6 0.17 VEGF (pg/ml) 1.03 6 0.04 1.00 6 0.03 1.02 6 0.06 KC (pg/ml) 169 6 33 158 6 19 86 6 11 E-Selectin (ng/ml) 406 6 39 391 6 43 221 6 30* P-Selectin (ng/ml) 392634 379645 293 6 26 PF4 (pg/ml) 65 6 18 Not measured 32 6 10* Platelet-Leukocyte Aggregates (% of Leukocytes) 27 6 1 2 9 6 2 2 9 6 2 Values are mean 6 SEM. *p < .05 vs. Air.
heart (Conklin et al., 2015a; Wetzelberger et al., 2010) , cardiotoxicity of cyclophosphamide (Conklin et al., 2015b) , and cigarette smoke-or acrolein-induced endothelium dysfunction (Conklin et al., 2009b) . It is expected that the induction of AR and GSTP collectively augment acrolein metabolism and detoxification at the level of entry of acrolein into the lung (although we did not measure in the nasal/upper airways). Yet, chronic acrolein exposure continually suppressed circulating EPCs. It is not clear why the robust induction of lung enzymes that metabolize acrolein, GSTP and AR, did not normalize EPC number. There are two likely explanations: (1) EPC downregulation occurs via a mechanism preceding acrolein metabolism; or (2) EPC downregulation is triggered by an acrolein metabolite. Future studies are required to distinguish between these and other possibilities.
Before the development of chronic lung diseases such as cancer, COPD and emphysema, cigarette smoking increases the risk for more frequent, and more severe upper respiratory infections (Arcavi and Benowitz, 2004; Trosini-Desert et al., 2004) . Among the mechanisms considered responsible for the association between smoking and recurrent infections include suppression of lung defenses, eg, mucociliary transport and host immunity (Johnson et al., 1990) . Acrolein is thought a likely constituent of cigarette smoke contributing to these effects, and indeed acrolein inhibits mucociliary transport, decreases immune cell function and induces alveolar macrophage apoptosis (Li et al., 1997) . One mechanism by which acrolein suppresses immune function is by inhibiting NF-jB signaling (Lambert et al., 2005 (Lambert et al., , 2007 Li and Holian, 1998; Li et al., 1999) . Although we did not investigate pulmonary inflammatory response to an Figure. 6. Effect of acrolein on circulating endothelial progenitor cells (EPC) and endothelial cell-derived microparticles. Mice were exposed to HEPA-filtered air or acrolein (0.5 or 1 ppm, 6 h/day, 5 days/week) for 12 weeks. A (i), Flow cytometry gating scheme for blood EPC detection. A (ii), Summary data of circulating EPCs (Flk-1 þ /Sca-1 þ cells) in blood of mice after 12 weeks of exposure to air or acrolein (n ¼ 13-15/group). B (i), Flow cytometry gating scheme for the quantitation of endothelial cellderived microparticles (MP). B (ii), Summary data of circulating endothelial cell-derived MP in air-and acrolein-exposed mice (n ¼ 13-15/group). Values are mean 6 SEM. *p < .05 vs. Air.
infectious challenge per se, we did not observe increased markers of inflammation (or ER stress) supporting the idea that acrolein alone (at 1 ppm or lower) does not induce pulmonary inflammation. Studies using higher levels of inhaled acrolein (2-3 ppm) that induce pulmonary epithelial damage and mucus hypersecretion observe increased inflammatory/immune responses (Borchers et al., 1999 (Borchers et al., , 2009 ). Nonetheless, we observed broad-based immune cell suppression in the systemic circulation, which has major implications regarding systemic defenses against infectious agents-a condition present in cigarette smokers (Arcavi and Benowitz, 2004) . Interestingly, recent investigations show e-cigarette users have strong suppression of pulmonary host defense as seen in cigarette smokers (Martin et al., 2016) . Moreover, because many e-liquids contain flavorants, such as cinnamaldehyde, it is possible that host immune suppression is, in part, a collective effect of all the a,b-unsaturated aldehydes in e-cigarette aerosols. This possibility remains to be tested. Further studies also are required to: (1) establish the threshold dose of acrolein exposure for various biomarkers of harm; and (2) delineate the mechanisms of chronic acrolein inhalation-induced systemic toxicity. Nonetheless, our current results provide novel insights into the effects of chronic exposure to acrolein at levels likely encountered during exposure to aerosols of combusted and heated tobacco products including hookah (Kassem et al., 2014) , e-cigarettes (Kosmider et al., 2014) , and mainstream and secondhand cigarette smoke (see Figure 1) making the results of our study applicable to multiple scenarios of acrolein exposure. Thus, these findings implicate chronic low level acrolein (<0.5 ppm) exposure as conferring increased risk for cardiovascular and potentially pulmonary diseases, and as such, this may be a "benchmark level" useful in setting regulatory standards for acrolein generation of new and emerging tobacco products.
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